We studied the role of adenosine diphosphate and P2Y receptors on proplatelet formation by human megakaryocytes in culture.
Introduction
Megakaryocytes, after their migration from the osteoblastic niche to the vascular niche of the bone marrow, mature and generate platelets by extending long filaments, called proplatelets. Proplatelets protrude through the vascular endothelium into the sinusoid lumen, where platelets, stemming from the proplatelet tips, are released into the bloodstream. 1, 2 Early during their development, megakaryocytes develop cytoplasmic granules, 3 including α-granules, which contain proteins that are essential for hemostasis and tissue repair, and δ-granules, which contain hemostatically active substances, such as the adenine nucleotides adenosine diphosphate (ADP) and adenosine triphosphate (ATP). An essential part of the process of platelet formation is the distribution of organelles and platelet-specific granules into the proplatelet tips and nascent platelets. 4 Evidence of proplatelet formation was provided by electron microscopy analysis 5 and, more recently, by multiphoton intravital microscopy of intact bone marrow from mice, which also documented the release of platelets into the bloodstream. 6 However, many aspects of the mechanisms underlying and controlling proplatelet extension and platelet release have not been delineated, particularly in humans. 7 It has been reported that hematopoietic precursors secrete several molecules that regulate the various stages of normal human hematopoiesis in an autocrine and/or paracrine manner. [8] [9] [10] We recently demonstrated that membrane-bound von Willebrand factor can be detected exclusively in proplateletforming megakaryocytes, suggesting that autocrine release of α-granules is associated with proplatelet formation. 8 More recently, it has been demonstrated that megakaryocytes express several proteins that are required for vesicular release, such as functional SNARE and related proteins. 11 These data further suggest that autocrine-paracrine loops regulate megakaryocyte development and platelet formation.
In the present study, we investigated whether or not ADP and ATP are constitutively released by maturing megakaryocytes and play any role in proplatelet formation. In addition, because purine and pyrimidine nucleotides interact with P2 purinergic receptors on the cell plasma membranes, we aimed at identifying the P2 receptor(s) on megakaryocytes which mediate the effects of ADP and/or ATP. According to their molecular structure, P2 receptors are divided into two subfamilies: G protein-linked or "metabotropic", termed P2Y, of which eight subtypes have been identified and cloned so far, and ligand-gated ion channels or "ionotropic", termed P2X, of which seven subtypes have been identified and cloned. 12, 13 Platelets contain three P2 receptors: P2Y 1 and P2Y 12 , which mediate ADP-induced platelet activation and aggregation, 14 and P2X 1 , which mediates the amplification of platelet aggregation by ATP at high shear. 15 We studied the expression of these receptors on megakaryocytes and their involvement in proplatelet formation.
Design and Methods

Materials
Apyrase from potato (grade VII), phosphocreatine (CP), creatine phosphokinase (CPK), 2-methylthioadenosine 5′-monophosphate triethylammonium salt (2-MeSAMP), adenosine 5′-diphosphate (ADP), prostaglandin E 1 (PGE 1 ), trypan blue solution (0.4%), propidium iodide and RNAse were from Sigma-Aldrich (Milan, Italy). MRS 2179 and MRS 2211 were from Tocris Bioscience (Missouri, USA). Cangrelor was a kind gift from The Medicines Company (Parsippany, NJ, USA). The active metabolites of clopidogrel (Clopidogrel-AM) and prasugrel (Prasugrel-AM) were kindly provided by Daiichi Sankyo Co., Ltd. (Tokyo, Japan). The following antibodies were used: mouse monoclonal anti-α-tubulin (clone DM1A) and mouse anti-β-actin (clone AC-15) (Sigma-Aldrich, Milan, Italy); anti-human CD41 (FITC) (clone HIP8) (eBioscience, Milan, Italy); mouse monoclonal anti-CD42b (PE) (clone AK2) (Abcam, Cambridge, UK); goat polyclonal anti-CD61 (clone C-20) and goat polyclonal anti-P2Y13 (clone C-18) (Santa Cruz Biotechnology, California, USA); rabbit monoclonal anti-phospho-ERK1/2 (Thr185/Tyr187) (clone AW39) (Millipore, Milan, Italy); mouse monoclonal anti-ERK1/2 (clone 3A7); rabbit monoclonal anti-phospho-Akt (Ser473) and rabbit polyclonal anti-Akt (Cell Signaling Technology, Massachusetts, USA); Alexa Fluor-conjugated antibodies (Invitrogen, Milan, Italy); and horseradish peroxidase-conjugated antibodies (BioRad, Milan, Italy).
Clinical and laboratory assessments
Human cord blood was collected following normal pregnancies and deliveries with informed consent of the parents, in accordance with the ethical committee of the IRCCS Policlinico San Matteo Foundation and the principles of the Declaration of Helsinki. For peripheral blood studies, blood samples were obtained from healthy subjects and a patient with congenital, severe P2Y 12 deficiency, 16 who gave their informed consent. The study was approved by the IBS of IRCCS San Matteo Foundation, Pavia, Italy.
Differentiation of megakaryocytes and morphological analysis
CD34
+ cells from cord blood and CD45 + cells from peripheral blood samples were separated by immunomagnetic bead selection (Miltenyi Biotec, Bologna, Italy) and cultured, as previously described, 8, 17 in Stem Span medium supplemented with 10 ng/mL thrombopoietin (TPO), interleukin (IL)-6 and IL-11 at 37°C in a 5% CO 2 fully humidified atmosphere. At the end of the culture (13 days for CD34 + cells and 14 days for CD45 + cells), 150x10 3 cells were collected, cytospun on glass coverslips and stained with a primary antibody against CD61 (1:100) to evaluate megakaryocyte output and maturation. 18 Images were acquired using a Olympus BX51 (Olympus, Deutschland GmbH, Hamburg, Germany) through a 60X/1.25 UPlanF1 oil-immersion objective. At least 100 megakaryocytes were evaluated for each specimen.
Proplatelet formation
Megakaryocyte and proplatelet yields were evaluated at the end of the cell culture as previously described. 8, 17 Briefly, cells were seeded in a 24-well plate and incubated at 37°C in a 5% CO 2 fully humidified atmosphere for 16 h. For immunofluorescence evaluation of proplatelet formation, the entire well culture was harvested and then seeded onto glass coverslips, previously coated with poly-L-lysine, and allowed to adhere by centrifugation at 240xg. Cells were then fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and stained with anti-α-tubulin antibody (1:700). The coverslips were mounted onto glass slides with ProLong Gold antifade reagent (Invitrogen, Milan, Italy) and images acquired by an Olympus BX51 microscope (Olympus) using a 20X/0.5 UPlanF1 objective. Proplatelets were identified as cells displaying long filamentous structures, ending with plateletsized tips. The percentage of megakaryocytes bearing proplatelets was determined by analyzing the entire area of the coverslips. In some experiments, before being seeded, cells were harvested and pre-incubated in Stem Span medium with the following suba. Balduini et al. stances, at the indicated final concentrations, at 37°C for 15 min: apyrase 1 U/mL, phosphocreatine 5 mM and creatine phosphokinase 40 U/mL (CP/CPK), cangrelor 10 mM, 2-MeSAMP 10 mM, MRS 2179 10 mM, MRS 2211 0.1-10 mM, clopidogrel-AM 10 mM, and prasugrel-AM 10 mM. After pre-incubation, cells were seeded in 24-well plates, without being washed, and left for 16 h before proplatelet formation was analyzed as described above.
Assessment of cell viability
A trypan blue exclusion assay was employed to determine the number of viable cells in cultures. Briefly, cells at different days of culture in the presence or absence of apyrase, CP/CPK, cangrelor, 2-MeSAMP or MRS 2211, were centrifuged and suspended in phosphate-buffered saline (PBS). For evaluation of cell viability, 100 mL of cell suspension were mixed with 100 mL trypan blue and visualized by phase-contrast microscopy (Nikon TMS-F, Tokyo, Japan) using a 20X objective. Viable cells (unstained) and dead cells (blue-stained) were counted and the values expressed as percentages of total cell count. Lactate dehydrogenase, which is a marker of cell lysis, was measured enzymatically in cell culture medium at different days of culture, using the lactate dehydrogenase assay and the ARCHITECT c16000 analyzer (all from Abbott Laboratories, Abbott Park, IL, USA), following standard criteria.
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Retrotranscription and quantitative real-time polymerase chain reaction of P2Y receptors
CD34
+ cells from cord blood or cord blood derived-CD61 + megakaryocytes at different stages of maturation were separated using immunomagnetic beads (Miltenyi Biotec, Bologna, Italy) and total cellular RNA was extracted as previously described. 20 Reverse transcription was performed in a final volume of 20 mL reaction mixture in the presence of: 1 mg RNA, 1x polymerase chain reaction (PCR) buffer, 5 mM MgCl 2 , 4 mM of each dNTP, 0.625 mM oligo d(T) 16 , 1.875 mM Random Hexamers, 20 U RNase inhibitor, and 50 U MuLV reverse transcriptase (all from Applera, Monza, Italy). The conditions for the reverse transcription were as follows: 25°C for 10 min, 42°C for 45 min, 99°C for 5 min. The reverse transcribed samples were diluted up to 50 mL with ddH 2 O. The primers used are listed in Table 1 . The amplification reaction was performed in 25 mL using an Applied Biosystems GeneAmp 9700 thermocycler; 20 mL PCR products were electrophoresed in 1% agarose gel or 20% polyacrylamide gel stained with ethidium bromide. For quantitative real-time PCR, reverse transcribed samples were diluted up to 50 mL with ddH 2 O and 5 mL of the resulting cDNA were amplified in duplicate in a 20 mL reaction mixture with 200 nM of each specific primer and MESA GREEN qPCR MasterMix Plus for SYBR assay no ROX (Eurogentec, Milan, Italy) at 1x final concentration. The amplification reaction was performed in a Rotorgene 6000 (Corbett Life Science, Sydney, Australia) as follows: 95°C for 5 min, followed by 35 cycles at 95°C for 10 s, 60°C for 15 s, 72°C for 20 s. The Rotorgene 6000 Series Software 1.7 was used for the comparative concentration analysis. β-2 microglobulin gene expression was used for the normalization of the samples.
Preparation of platelet lysates from washed human platelets for western immunoblotting analysis
Peripheral blood from healthy subjects was collected in citric acid/citrate/dextrose (ACD) as anticoagulant (blood:ACD, 6:1, v/v) in the presence of apyrase 0.2 U/mL and PGE 1 1 mM. Platelet-rich plasma was prepared by centrifuging blood samples at 200xg for 10 min. The platelet-rich plasma was then aspirated, centrifuged at 1200xg for 10 min and washed with PIPES buffer (20mM PIPES and 136 mM NaCl, pH 6.5). Washed platelets were then lysed in sodium dodecyl sulphate (SDS) buffer (Tris 0.5M, pH 6.8, 2% SDS, 10% glycerol), in the presence of a 2% protease inhibitor cocktail (Sigma), on ice for 30 min. Lysates were clarified by centrifugation at 15700xg at 4°C for 15 min.
Western immunoblotting
Cellular expression of P2Y 13 In order to evaluate the cellular expression of P2Y 13 protein, megakaryocytes at days 7, 10 and 13 of culture were lysed with Hepes-glycerol lysis buffer (Hepes 50 mM, NaCl 150 mM, 10% glycerol, 1% Triton X-100, MgCl 2 1.5 mM, EGTA 1 mM, NaF 10 mM, PMSF 1 mM, Na 3 VO 4 1 mM, 1 mg/mL leupeptin, 1 mg/mL aprotinin). Lysis was performed on ice for 30 min and the lysates clarified by centrifugation at 15700xg at 4°C for 15 min. Protein concentration was measured by the bicinchoninic acid assay (Pierce, Milan, Italy). Samples containing equal amounts of proteins were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then immunoblotted with antibodies against P2Y 13 (1:500), CD61 (1:500) or β-actin (1:5000), following the conditions recommended by the manufacturers.
P2Y 13 signaling
Megakaryocytes at day 13 of culture were preincubated with or without MRS 2211 10 mM for 15 min and lysed at the end of incubation with Hepes-glycerol lysis buffer. Total cell lysates were probed with antibodies against phospho-Akt (1:1000), Akt ADP and P2Y 13 regulate proplatelet formation haematologica | 2012; 97 (11) 1659 GGTATTCATCATCGGCTTCCT  GCCAGAGCCAAATTGAACAT  P2Y2  ATAACTGGACGGCTTGAACG  CTCACTCATGAATGCACACG  P2Y4  GCCACCTACATGTTCCACCT  GTCCCTTTGTTGCTGGTTGT  P2Y6  GAAGAACCATGGCTTTGGAA  CAGCCAGAGCAAGGTTTAGG  P2Y11  GGCACAATGAGGAAGGAAAC  TCAGGTGGGAGAAGCTGAGT  P2Y12*  CCACTCTGCAGGTTGCAATA  CAGTGGTCCTGTTCCCAGTT  P2Y12°CAAACCCTCCAGAATCAACAG  TCTCTGGTGCACAGACTGGT  P2Y13*  GCCGCCATAAGAAGACAGAG  CCGAAGAAAAACGACACACA  P2Y13°GCCGCCATAAGAAGACAGAG  CACCGCTCAGATCTGTTGAA  P2Y14 ACTGGGCAAAACACCTTCAC AGAGCTGGGCACGTAAAAGA β-2 microglobulin°CCCCCACTGAAAAAGATGAGT TGATGCTGCTTACATGTCTCG
(1:1000), phospho-ERK1/2 (1:1000), ERK1/2 (1:1000), CD61 (1:500) or β-actin (1:5000), following the conditions recommended by the manufacturers. Immunoreactive bands were detected by horseradish peroxidase-labeled secondary antibodies using an enhanced chemiluminescence reagent (Millipore, Milan, Italy). At least three different experiments were performed for each assay.
Flow cytometry analysis of megakaryocyte differentiation and ploidy
For the megakaryocyte differentiation analysis, 200x10 3 cells were collected on days 7, 10 and 13 of culture and centrifuged at 250xg for 7 min. Cells were then resuspended in PBS and stained with a FITC-conjugated antibody against human CD41 and a PEconjugated antibody against human CD42b, at room temperature, in the dark for 30 min. To analyze DNA content, megakaryocytes at day 13 of culture were incubated with or without apyrase, CP/CPK, cangrelor, 2-MeSAMP or MRS 2211, as described above. At the end of the treatment, cells were harvested and fixed with cold ethanol 70% and frozen at -20°C overnight. Subsequently, cells were stained with an antibody against CD41 in the dark with 50 mg/mL propidium iodide supplemented with 100 mg/mL RNAse at room temperature for 30 min. After incubation, cells were analyzed immediately by two-color flow cytometry (FACSCalibur flow cytometer; BD Biosciences, Milan, Italy). At least 20,000 events were collected. Data were analyzed offline using FCS Express Version 3.0 software (DeNovo Software).
Measurement of adenine nucleotides in the supernatants of megakaryocyte cultures
The concentrations of ADP and ATP were measured by the luciferine/luciferase technique, 21 in the supernatant of the cell culture medium. Samples were prepared by collecting specimens of the conditioned medium at different days of culture and centrifuging them at 17800xg for 10 min; aliquots of the supernatant were stored at -80°C until assay.
Whole blood platelet counts in thienopyridine-treated patients
We retrospectively examined circulating platelet counts in a comparative clinical pharmacology study of prasugrel and clopidogrel. 22 During the course of the study, platelet counts were collected as part of routine hematology determinations at baseline (prior to thienopyridine administration) and 7 and 28 days after once daily dosing with the study drugs. Light transmission aggregometry was also performed in the study to determine the aggregation response to 20 mM ADP and any attenuation of this response by the study drugs.
Statistics
Values are expressed as mean ± SD or median and range, when appropriate. Data were analyzed using ANOVA, followed by the post-hoc Bonferroni's t-test. The χ 2 test was used to analyze differences in the prevalence of thrombocytopenia among patients with platelet function disorders. P values <0.05 were considered statistically significant. All experiments were independently replicated at least three times, unless specified otherwise.
Results
Adenosine diphosphate is constitutively released by differentiating megakaryocytes in culture and influences proplatelet formation
We detected the presence of ADP and ATP in the culture medium of megakaryocytes, at concentrations that increased with time ( Figure 1A ). This was paralleled by an increase in the percentage of CD41 + CD42b + cells (detected by flow cytometry analysis), from 67±10% on day 6 of culture to 87±10% on day 13. Cell viability, measured by the trypan blue dye exclusion assay, also increased with time (70±5% on day 6 and 89±5% on day 13), while the concentration of lactate dehydrogenase (a marker of cell lysis) in the culture medium did not change significantly (33±5 U/L on day 6 and 37±6 U/L on day 13, P=NS). The percentage of megakaryocytes producing proplatelets was 10±3% (mean ± SD, n=7 separate experiments).
The addition of the ADP scavengers apyrase 1 U/mL, which hydrolyses ATP and ADP, or CP 5 mM plus CPK 40 U/mL (CP/CPK), which transform ADP into ATP, to cell cultures on day 13 inhibited proplatelet formation by about 60-70% (4.6±1% and 2.1±0.1% respectively, mean ± SD, n=5 separate experiments, P<0.05) (Figure 1B ), but did not affect the ploidy of cells (data not shown) or their viability (88±5% with apyrase, and 91±7% with CP/CPK). Collectively these data suggest that maturing megakaryocytes constitutively release adenine nucleotides and that released ADP plays a role in proplatelet formation.
Effects of inhibitors of the adenosine diphosphate receptors P2Y 1 and P2Y 12 on proplatelet formation
Several inhibitors of P2Y receptors were tested for their effects on proplatelet formation by megakaryocytes in culture (expressed as the % of megakaryocytes producing proplatelets): none of them affected cell viability or ploidy (data not shown). Proplatelet formation was not inhibited by the P2Y 1 inhibitor MRS 2179 (10 mM) (8.7±2, mean ± SD, n=5 separate experiments), while it was inhibited by about 50-60% by the P2Y 12 inhibitors cangrelor (10 mM) (3.9±0.9%, mean ± SD, n=5 separate experiments, P<0.05) and 2-MeSAMP (10 mM) (5±1%, mean ± SD, n=5 separate experiments, P<0.05). Proplatelet structure was not affected by the tested inhibitors (Online Supplementary Figure  S1 ). In contrast, other P2Y 12 inhibitors, such as clopidogrel-AM (10 mM) and prasugrel-AM (10 mM) did not affect proplatelet formation (10.5±1.7% and 10.1 ± 1.6%, respectively, mean ± SD, n=5 separate experiments) ( Figure 1C) . Moreover, the analysis of the results of a clinical pharmacology study that included the oral administration of clopidogrel and prasugrel revealed that, at doses that effectively inhibited ADP/P2Y 12 mediated platelet aggregation, neither drug affected circulating platelet counts (Table 2) . Notably, platelet counts were stable throughout the 28-day treatment period and at all levels of P2Y 12 /platelet inhibition. We, therefore, hypothesized that the observed effects of cangrelor and 2-MeSAMP on proplatelet formation were mediated by a P2Y receptor different from P2Y 12 , with which these inhibitors interact.
Human megakaryocytes in culture express all the known P2Y mRNA
We first examined what types of P2Y receptors are expressed by megakaryocytes and found that mRNA of all the known P2Y receptors (P2Y 1 , P2Y 2 , P2Y 4 , P2Y 6 , P2Y 11 , P2Y 12 , P2Y 13 , and P2Y 14 ) were expressed by megakaryocytes (Figure 2A ). Of the P2Y receptors, P2Y 13 is the only known P2Y receptor, other than P2Y 1 and P2Y 12 , that recognizes ADP and its stable analogs as agonists. 13 Time-course analysis demonstrated that P2Y 1 , P2Y 12 and P2Y 13 were expressed in CD34 + progenitor cells as well as in all stages of megakaryocyte development ( Figure 2B ). Quantitative RT-PCR of the three receptors revealed that both P2Y 1 and P2Y 12 expression increased during megakaryocyte differentiation ( Figure 2C-D) , while P2Y 13 expression decreased ( Figure 2E ).
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Human megakarycoytes in culture express the P2Y 13 receptor for adenosine diphosphate
Western blot analysis of megakaryocyte lysates on days 7, 10 and 13 of culture showed that P2Y 13 protein was present, and that its expression increased with time ( Figure 3A) . In contrast, no reactive bands were detected in lysates from circulating platelets ( Figure 3B ).
MRS 2211, a specific inhibitor of P2Y 13 inhibits proplatelet formation by megakaryocytes in culture
Based on the data of RT-PCR and western blot analysis, we considered P2Y 13 as the most likely candidate receptor for ADP on megakaryocytes which mediates the effects of ADP on proplatelet formation. This hypothesis is corroborated by reports in the medical literature demonstrating that both the "P2Y 12 " inhibitors that inhibited proplatelet formation in our study, cangrelor and 2-MeSAMP, also interact with P2Y 13 , inhibiting its function. [23] [24] [25] To test our hypothesis, we used the specific P2Y 13 inhibitor MRS 2211, 26 which inhibited proplatelet formation by megakaryocytes in culture in a concentration-dependent manner; maximal inhibition of approximately 50% was achieved at a concentration of 10 mM (3.4±0.7%, mean ± SD, n=5 separate experiments, P<0.05) ( Figure 4A ). Like cangrelor and 2-MeSAMP, MRS 2211 had no effects on ploidy ( Figure 4B ), morphology ( Figure 4C ) and viability (90±6% versus 89±5%) of megakaryocytes.
MRS 2211 inhibits Akt and ERK1/2 phosphorylation in human mature megakaryocytes
P2Y 13 receptor is coupled to PI3K/Akt/GSK3 27 and ERK1/2 28 signaling, both of which are involved in the regulation of proplatelet formation. [29] [30] [31] In order to explore these biochemical pathways, megakaryocytes at day 13 of culture were incubated or not with the P2Y 13 receptor antagonist MRS 2211 (10 mM). Western blots indicated that both Akt ( Figure 5A ) and ERK1/2 ( Figure 5B ) were highly phosphorylated during proplatelet formation and that their phosphorylation decreased in the presence of MRS 2211.
Proplatelet formation by megakaryocytes from a patient with severe, congenital P2Y 12 deficiency
Megakaryocytes were differentiated from the peripheral blood progenitor cells of a previously described patient with severe P2Y 12 deficiency 16 and ten healthy subjects. Proplatelet formation by the patient's megakaryocytes (8±3%, n=4 separate experiments) was comparable to that observed in healthy subjects (11±4%). Apyrase (2.4%, n=1 experiment), cangrelor (3.7±0.5%, mean ± SD, n=4 separate experiments, P<0.05) and MRS 2211 (3.1±0.6%, mean ± SD, n=4 separate experiments, P<0.05) inhibited proplatelet formation by the patient's megakaryocytes by about 50% compared to their effects on megakaryocytes from control subjects ( Figure 6 ). MRS 2211 had no effects on patient's cell viability or morphology (data not shown).
Platelet count in patients with delta-storage pool deficiency
If constitutively released ADP plays a role in proplatelet formation by megakaryocytes, its deficiency should result in decreased platelet production and low platelet counts in circulating blood. It is, therefore, reasonable to assume that patients whose megakaryocytes/platelet lineage is characterized by decreased nucleotide content in storage granules, such as patients with δ-storage pool deficiency (δ-SPD), 32 might have lower platelet counts, compared to control subjects. We, therefore, retrospectively analyzed the platelet count in 61 patients who were diagnosed with δ-SPD at the Hemophilia and Thrombosis Center in Milan between 1988 and 2010. These patients' median platelet count was 190x10 (Table 3 ). These results were significantly different from those observed in two control groups of patients who underwent the same laboratory screening for platelet function disorders, in the same Institution during the same period: (i) patients with abnormalities of platelet secretion of adenine nucleotides not due to deficiency of platelet granules ("primary secretion defects" and "abnormalities of the arachidonate pathway"); and (ii) patients with no known abnormalities of platelet function (Table 3) .
Discussion
Our study demonstrates that, during the in vitro development and maturation of megakaryocytes from blood pro-ADP and P2Y 13 genitors, the concentration of the adenine nucleotides ADP and ATP in the culture medium increases, peaking at day 13 of culture, when megakaryocytes form proplatelets; the study also shows that ADP contributes to proplatelet formation through its interaction with the P2 receptor P2Y 13 . Our results suggest that adenine nucleotides are constitutively released by megakaryocytes, because their increase in the culture medium is paralleled by an increase in the percent of viable, maturing megakaryocytes in culture, but not by an increase in lactate dehydrogenase, which is a marker of cell lysis. The observed constitutive release of adenine nucleotides into the megakaryocyte culture medium was time-dependent and paralleled the previously described time-course of formation of δ-granules in developing megakaryocytes. 4 This chronological parallelism and the contemporary release of ADP and ATP observed in our study suggest that adenine nucleotides are released by megakaryocyte δ-granules, where they are stored. Based on the results of our study, it could, therefore, be predicted that conditions associated with a decreased content of ADP in δ-granules may be associated with decreased platelet production, and reflected by a low platelet count in the circulation. δ-SPD is a congenital bleeding diathesis, which is associated with impaired platelet function, characterized by a deficiency of dense granules and their constituents (including ATP and ADP) in megakaryocytes and platelets. 32 If the results of our study have a clinical counterpart, patients with δ-SPD should have some degree of thrombocytopenia, which contrasts with the current knowledge that platelet count is normal in these patients. However, an ad hoc study focused on the platelet counts of a large series of patients with δ-SPD has never been published. In our study, we reviewed the data of 61 historical patients with δ-SPD who had been diagnosed at the Angelo Bianchi Bonomi Hemophilia and Thrombosis Center in Milan, Italy, between 1984 and 2010, and found that 34.4% of them had mild thrombocytopenia. The mean platelet count was significantly lower and the prevalence of thrombocytopenia in δ-SPD patients was significantly higher than those observed in 188 patients in whom abnormalities of agonist-induced platelet secretion associated with normal δ-granule content (prevalence of thrombocytopenia, 10.6%) or in 512 patients in whom no known abnormalities of platelet function (prevalence of thrombocytopenia 9.8%) had been diagnosed in the same Institution, within the same time frame (Table 2 ). In addition, upon review of the published literature, we found that, although in a series of 18 patients with heterogeneous types of δ-SPD only one patient had mild thrombocytopenia, 33 the prevalence of mild thrombocytopenia in other studies was 18% (9/51) 34 and 42% (10/24), 35 demonstrating that mild thrombocytopenia is not an uncommon finding in patients with δ-SPD.
Having identified a role of constitutively released ADP in proplatelet formation, we tried to identify the ADP receptor a. Balduini et al. 1662 haematologica | 2012; 97(11) on megakaryocytes that mediates this effect. Adenine nucleotides interact with purinergic P2 receptors, of which two subfamilies have been identified: G protein-linked or "metabotropic", termed P2Y, and ligand-gated ion channels or "ionotropic", termed P2X. 12,13 ADP only interacts with certain types of P2Y receptors. 12, 13 In our experiments, we initially focused our attention on P2Y 1 and P2Y 12 , which are the only P2Y receptors present on the platelet membrane and bind ADP, [12] [13] [14] and tested the in vitro effects of inhibitors of these receptors. We found that the specific P2Y 1 receptor inhibitor MRS 2179 did not significantly affect proplatelet formation, while the P2Y 12 receptor inhibitors cangrelor and 2-MeSAMP inhibited proplatelet formation to a similar degree (about 50-60%) as the ADP scavengers apyrase and CP/CPK did, suggesting that P2Y 12 is responsible for the observed effects of released ADP. However, several lines of evidence were in disagreement with this conclusion: (i) patients with severe P2Y 12 deficiency have normal platelet counts; 16 (ii) thrombocytopenia has never been identified as a side effect of the P2Y 12 -inhibitory thienopyridine drugs ticlopidine, clopidogrel and prasugrel, with the exception of in those patients, mostly treated with ticlopidine, who experienced thrombotic thrombocytopenic purpura, which causes intravascular consumption of platelets, or myelosuppression and which also lowered the leukocyte and red blood cell counts; 36 (iii) we reviewed the records of a phase 1b clinical trial, in which platelet counts were recorded before and after the administration of clopidogrel and prasugrel, and found that neither drug affected platelet counts; and (iv) when we tested the in vitro effect of the active metabolites of clopidogrel and prasugrel, under the same experimental conditions that we used to study the effects of cangrelor and 2-MeSAMP, we found that neither inhibited proplatelet formation. We, therefore, hypothesized that the observed effect of cangrelor and 2-MeSAMP was mediated by their inhibition of a receptor distinct from P2Y 12 . First of all, we found that mature megakaryocytes express the mRNA of all known P2Y receptors. Previous studies showed that stem cells and progenitor cells express several P2 receptors, 37 suggesting that the receptors play a role in cell differentiation and proliferation. Among the P2 receptors, besides P2Y 1 and P2Y 12 , only P2Y 13 binds ADP. 12, 13 P2Y 13 mRNA decreased with time during megakaryocyte maturation, while P2Y 13 protein peaked at day 13, when megakaryocytes started producing proplatelets, and disappeared in circulating platelets. In order to test whether P2Y 13 was responsible for the observed effect of released ADP on proplatelet formation, we used the specific P2Y 13 inhibitor MRS 2211, 26 and found that it did indeed inhibit proplatelet formation by about 60%. MRS 2211 also inhibited the phosphorylation of Akt and ERK1/2, which are coupled with P2Y 13 signaling. 27, 28 In addition, a review of the published literature revealed that both cangrelor and 2-MeSAMP inhibit not only P2Y 12 , but also P2Y 13 . [23] [24] [25] Evidence for the involvement of P2Y 13 does, therefore, seem compelling, considering that, of the six P2Y inhibitors that we tested, only the three that antagonize P2Y 13 (cangrelor, 2-MeSAMP and MRS2211) inhibited proplatelet formation, despite being structurally very different from each other. The involvement of P2Y 13 , and not of P2Y 12 , in proplatelet formation was also confirmed by the finding that the formation of proplatelets by megakaryocytes from a patient with congenital severe deficiency of P2Y 12 was normal and was inhibited by cangrelor and MRS 2211 to a ADP and P2Y 13 regulate proplatelet formation haematologica | 2012; 97 (11) 1663 similar degree to that of megakaryocytes from normal subjects. The clinical efficacy of cangrelor in patients with acute coronary syndromes has been tested in randomized clinical trials: [38] [39] [40] while its effects on in vivo platelet formation and count have not been reported, the short duration of infusion that has been investigated would not be expected to change platelet counts.
To the best of our knowledge, this is the first demonstration that ADP regulates proplatelet formation and that P2Y 13 is expressed by maturing megakaryocytes and mediates the observed effects of released ADP. 
